Complete sequences for the intergenic regions of the genome of human respiratory syncytial virus were obtained by dideoxynucleotide sequencing using synthetic oligonucleotides. These experiments established that the 10 respiratory syncytial viral genes are arranged, without additional intervening genes, in the order 3' IC-IB-N-P-M-IA-G-F-22K-L 5'. For the fi-rst nine genes, the exact gene boundaries were identified by comparison of the genomic sequences with previously determined mRNA sequences. The intergenic regions varied in length from 1 to 52 nucleotides and lacked any obvious conserved features of primary or secondary structure except that each sequence ended (3' to 5') with an adenosine residue. The exact start site of the 10th gene, the L gene, was not determined. However, RNA blot hybridization using a synthetic oligonucleotide designed from the genomic sequence mapped the L gene to within 54 nucleotides of the end of the penultimate 22K gene. The lack of conservation of chain length and nucleotide sequence for the respiratory syncytial viral intergenic regions, together with the complexity of the genetic map, contrasts with previous observations for other nonsegmented negative-strand viruses.
other paramyxoviruses such as Sendai virus, Newcastle disease virus, and simian virus type 5. The RS viral genome is a single negative-strand of RNA of approximately 15 ,000 nucleotides (14) , approximately equal to the combined sizes of the 10 viral mRNAs. The viral genome appears to be transcribed sequentially from a single promoter site, based on the kinetics of UV-inactivation of gene transcription (15) . A viral transcriptional map, 3' IC-JB-N-P-M-1A-G-F-22K-L 5', was deduced from the UV mapping studies and from analysis of the relationships between the 10 mRNAs and a number of polycistronic readthrough mRNAs identified as minor products of viral transcription (2, 3) . However, these experimental approaches were inexact and provided no direct or detailed information on the structure of the viral genome.
In the work described here, the intergenic and flanking gene sequences in genomic RNA were determined by the dideoxynucleotide method. This approach was designed to (i) confirm the sequences of the gene termini, deduced previously from cDNAs of mRNAs, (ii) investigate the structure of the intergenic regions, (iii) investigate the possible existence of additional, unidentified genes, and (iv) determine unambiguously the 3' to 5' order of the RS viral genes.
MATERIALS AND METHODS Viral Genomic RNA. Cloned stocks of RS virus were propagated in HEp-2 cells and purified by differential centrifugation and two cycles of banding in 20-60% (wt/wt) discontinuous sucrose gradients (14) . Virions were disrupted by incubation at 56°C for 20 min in the presence of 500 ,g of proteinase K/ml and 0.3% NaDodSO4, and the RNA was extracted with phenol/chloroform/isoamyl alcohol (25 
RESULTS
Sequences of Genomic Intergenic Regions. Complete nucleotide sequences were available for 9 of the 10 RS viral mRNAs, excluding only the L mRNA (4) (5) (6) (7) (8) (9) (10) (11) (12) . From these sequences, synthetic oligonucleotides were designed that were complementary to genomic RNA near the 5' (downstream) end of each gene. The oligonucleotides were 5' end-labeled, hybridized to viral genomic RNA extracted from Proc. NatL Acad ScL USA 83 (1986) 4595 purified virions, and used to direct dideoxynucleotide sequencing of intergenic and flanking gene regions (Fig. 1) .
Direct analysis of genomic RNA rather than of cloned cDNAs provided a consensus sequence from a population of authentic molecules and specifically avoided the possible introduction of artifacts during cDNA synthesis and cloning. However, the sequencing ladders shown in Fig. 1 did contain several ambiguities at individual positions that were attributed to (i) termination by reverse transcription independent of dideoxynucleotides, which is often observed during reverse transcription of RNA templates, and (ii) priming by oligonucleotides at secondary sites, which was minimized but not eliminated by reducing the primer to template ratio and by using alternate primers. Our experience from dideoxynucleotide sequencing of influenza and parainfluenza viral genomes is that these artifacts reflected the low yield ofintact RS viral genomic RNA and the high content of contaminating nucleic acid copurifying with virus. Specific ambiguities were resolved as follows: the sequencing ladder for the IB-N intergenic region (Fig. 1B) complement at the intergenic junction of the 1B-N dicistronic mRNA, as determined by sequencing a cloned cDNA (4). The sequencing ladder of the N-P intergenic region (Fig. 1D ) contained strong stops at two positions. The identities of these nucleotides were determined by chemical sequencing (17) of gel-purified extension products (Fig. 1C ). For the P-M intergenic region (Fig. 1E ), the identities of ambiguous nucleotides were resolved by using additional primers and by repeating the experiments several times (not shown): in each experiment there were strong stops at two or more positions, but the locations of the stops varied and consideration of all of the experiments yielded a complete sequence. For the JA-G intergenic region, the sequence was investigated both by the dideoxynucleotide method (Fig. 1G ) and by chemical sequencing of gel-purified extension products (Fig. 1H) . Both sequencing ladders contained ambiguities, but together they yielded a complete sequence. In several other intergenic and flanking sequences, strong stops obscured the identity of the initiating nucleotide of the downstream gene (5' GGGG, in mRNA sense). However, in each case an assignment could be made by the observation (6) that the nine RS viral mRNAs sequenced to date initiate with the conserved sequence 5' GGGGCAAAU.
The sequences of the intergenic and flanking gene regions are shown in Fig. 2 . In previous work, the 5' termini of 9 of the 10 viral mRNAs were mapped and sequenced precisely by primer extension and dideoxynucleotide sequencing of viral mRNA, and each 3' mRNA terminus was identified by the location of poly(dA) tracts in several independently derived cDNA clones (4) (5) (6) (7) (8) (9) (10) (11) (12) . Comparison of these mRNA sequences with the genomic RNA sequences described here confirmed the sequences of the gene termini, delineated the gene boundaries, and identified the intergenic regions as those sequences that do not appear in the individual gene transcripts. As shown in Fig. 2 , the intergenic regions varied in length from a single adenosine residue (N-P intergenic sequence) to 52 nucleotides (G-F intergenic sequence).
Identification of the L Gene. A nucleotide sequence was also obtained for the genomic region following (3' to 5') the 22K gene (Fig. 1K) . Although this sequence presumably contains an intergenic region and the start ofthe L gene, it did not contain the conserved gene start signal (5' GGGGCAA-AU, in mRNA sense) described above. Also, no nucleotide sequence information for the L gene was available for comparison and identification. To investigate the identity of the post-22K gene sequence, a negative-sense oligonucleotide was synthesized to represent the genomic sequence of positions 53-64 (3' CAGGAATAGAGT) following the 22K gene. The oligonucleotide was 5' end-labeled and hybridized, in parallel with a previously described cDNA clone representing part of the L mRNA, to RNA blots of infected-cell mRNA and RNA from purified virions. As shown in Fig. 3 , the oligonucleotide hybridized specifically to the L mRNA. This showed that nucleotides 53-64 are contained within the L gene, a conclusion supported by primer extension on L mRNA (not shown). These data established that the L gene follows the 22K gene in the 3' to 5' gene order.
DISCUSSION
Complete sequences for the intergenic and flanking gene sequences of RS virus were obtained by dideoxynucleotide (Fig. 4) (33 G, 46 A, 98 U, and 27 C). The intergenic regions vary in length from a single nucleotide (the N-P intergenic region) to 52 nucleotides (the G-F intergenic region). Although several runs of 4-6 nucleotides were shared among several intergenic regions, no generally conserved sequence was apparent except that each intergenic region ended (3' to 5') with an adenosine residue.
The lack of conservation of intergenic sequence or length described here contrasts with the conserved dinucleotide (3' CA or 3' GA) and trinucleotide (3' GAA or 3' GGG) intergenic sequences described for VSV and Sendai virus, respectively (19, 27) . Computer-assisted analysis of the RS viral intergenic and flanking gene regions did not detect any significant conserved features of local secondary structure in the template or transcriptive products. Intergenic structures have also been sequenced for five dicistronic readthrough mRNAs, the iC-lB, IB-N, N-P, M-1A and F-22K mRNAs (4, (9) (10) (11) (12) . In each case, the mRNA intergenic sequence was the exact complement of the genomic sequence determined here, showing that the polytranscripts are generated by precise transcriptional readthrough of adjacent genes and the intervening intergenic region.
As shown in Fig. 2 , the 3' (upstream) termini of the nine RS viral genes sequenced to date initiate with the conserved nine-nucleotide sequence 3' CCCCGUUUA that encodes the common sequence of the 5' termini ofthe mRNAs. The genes of VSV and Sendai virus initiate with analogous 10-nucleotide sequences, termed gene-start signals. These sequences are conserved within each virus but do not share close sequence identity between viruses. As described above, the RS viral intergenic regions all end with a single adenosine residue, which might be a nontranscribed element of the start-signal for each following gene.
Examination of the complete sequences for the 5' (downstream) termini of the nine RS viral genes (Fig. 2) revealed two variations of a conserved gene-end sequence:
3' UCAVUAVAUUUU (genes IB, F, and 22K), and 3' UCAAUUUUPUUUU (genes IC, N, P, M, JA, and G).
The principal difference between these two sequences is that the second contains an additional, intervening nucleotide (italicized). The gene-end sequences terminate with oligo(U) tracts offour to seven residues (Fig. 2) . Analogous conserved gene-end sequences containing terminal oligo(U) tracts have been described for VSV, 3' AUACUUUUUUU, and Sendai virus, 3' UNAUUCUUUUU (19, 28, 29) . The poly(A) tails of (19) ; Sendai virus, a murine type 1 parainfluenza virus (20) (21) (22) ; human type 3 parainfluenza virus (M.K.S. and P.L.C., unpublished data); simian virus 5, a canine type 2 parainfluenza virus (23, 24) ; and the pneumovirus RS virus. Gene orders were determined by nucleotide sequence analysis except where indicated with parentheses, in which case the order is tentative. The gene orders have been aligned, with gaps introduced, to maximize the matching of analogous proteins. The VSV G protein has both attachment and fusogenic activities (25) , indicating that it has analogy to both the HN and F proteins: it was placed arbitrarily in the F protein column because, like the F protein and unlike the HN protein, it has a COOH-terminal membrane anchor. Two proteins could not be aligned appropriately because of the constraints of the linear orders: the RS viral G protein is analogous to the HN protein because it probably is an attachment protein and is proposed to have an NH2 terminal membrane anchor (7) and the RS viral 1A protein is a small, hydrophobic protein (12) , probably analogous to the simian virus 5 SH protein (24) . As described elsewhere the P mRNA of Sendai virus (20, 26) and human type 3 (M.K.S. and P.L.C., unpublished data) contains a second overlapping reading frame that encodes the nonstructural C protein. The nonstructural V protein of simian virus 5 is also encoded by the P mRNA, but is related by peptide mapping to the P protein and, therefore, probably is encoded by the same reading frame (23). the mRNAs are thought to be synthesized by reiterative copying of the oligo(U) tracts in the gene-end sequences (29) .
The 3' to 5' physical map described here is colinear with the viral transcriptional map. This indicates that transcription initiates at or near the 3' genome end and proceeds linearly along the template. The two proposed mechanisms for sequential transcription of negative-strand genomes involve a precursor-processing mechanism or a stop/start mechanism (30, 31) . Our data do not prove or disprove either model, but are more consistent with a stop/start mechanism. A processing model predicts that the polycistronic mRNAs are the substrates for an endonuclease, which would excise the plus-sense intergenic sequences. However, the lack of conserved sequence or secondary structure for the intergenic regions make them seem poorly suited as signals for processing. Also, because the polycistronic mRNAs lack long intervening poly(A) tracts, as described above, a processing mechanism does not provide for the polyadenylylation of mRNAs. For a possible stop/start mechanism, the considerable variability in the intergenic chain lengths suggests that the termination and reinitiation steps might not be tightly linked reactions for the RS viral polymerase. Instead, the polymerase presumably translocates without synthesis across the intergenic regions. Also, the lack of common sequences in the intergenic regions suggests that these sequences do not contain putative signals for transcriptive events such as polyadenylylation or capping.
For nonsegmented negative-strand viruses in general, attenuation of sequential transcription at the intergenic regions appears to be a principal factor determining the intracellular molar ratios of the different mRNAs and proteins.
Attenuation was examined in detail for VSV and was found to occur to the same degree at each intergenic region (32) , perhaps reflecting the high degree of conservation of intergenic and flanking structures. Preliminary analyses of the RS viral mRNAs suggest that their abundances also do geilerally reflect their map position (2, 3). The variation in the RS viral intergenic regions might be a mechanism for obtaining differing degrees of attenuation. Detailed quantitation of the intracellular viral mRNAs will be required to assess this hypothesis.
For several negative strand viruses, the intergenic regions share sequence identity both within each viral genome and among different viruses. For example, the intergenic sequence of Sendai virus, 3' GAA (27) , is shared with measles virus (33) and human parainfluenza type 3 (M.K.S. and P.L.C., unpublished data). As described above, the intergenic sequences of Sendai virus and VSV also are similar. The striking degree of identity of these sequences implied that they, in concert with less highly conserved flanking gene sequences, have functional or structural significance, most probably in transcriptive events at the gene junctions. Consistent with this, the intergenic regions appear to be the sites of transcriptional attenuation (32) and might contain the signal for termination of transcription (34) . Also, nucleotide differences in the intergenic sequences of VSV and Sendai virus correlated with marked differences in the production of readthrough mRNAs (35, 36) suggestive of interaction between the intergenic sequences and the transcriptase. The striking homology among the intergenic regions of the different viruses mentioned above also suggested that these viruses share a common ancestor. Preliminary observations on the mode of RS viral transcription and replication were suggestive of general similarities with other nonsegmented negative-strand viruses (2, 14, 15) , and the partial homology of the genetic maps (Fig. 4) was suggestive of a shared ancestor. It, therefore, is interesting that the RS viral intergenic structures are diverse in sequence and length.
It will be important to reassess and obtain more detailed information on mode of the RS viral RNA synthesis. Interestingly, preliminary evidence indicates that the intergenic sequences of a second paramyxovirus, simian virus 5, also are nonconserved in sequence and length (24, 37) . Further analyses of various paramyxoviruses will continue to provide new insights into structural, functional, and evolutionary relationships in this diverse virus family.
